TTHA0727 is a conserved hypothetical protein from Thermus thermophilus HB8, with a molecular mass of 12.6 kDa. TTHA0727 belongs to the carboxymuconolactone decarboxylase (CMD) family (Pfam 02627). A sequence comparison with its homologs suggested that TTHA0727 is a distinct protein from alkylhydroperoxidase AhpD and g-carboxymuconolactone decarboxylase in the CMD family. Here we report the 1.9 Å crystal structure of TTHA0727 (PDB ID: 2CWQ) determined by the multiwavelength anomalous dispersion method. The TTHA0727 monomer structure consists of seven a-helices (a1-a7) and one short 3 10 -helix. The crystal structure and the analytical ultracentrifugation revealed that TTHA0727 forms a hexameric ring structure in solution. The electrostatic potential distribution on the solvent-accessible surface of the TTHA0727 hexamer showed that positively charged regions exist on the side of the ring structure, suggesting that TTHA0727 interacts with some negatively charged molecules. A structural homology search revealed that the structure of three a-helices (a4-a6) is remarkably conserved, suggesting that it is the common structural motif for the CMD family proteins. In addition, the nine residues of the N-terminal tag bound to the cleft region between a1 and a3 in chains A and B of TTHA0727, implying that this region is the putative binding/active site for some small molecules.
hypothetical protein, which consists of 117 amino acid residues with a molecular mass of 12.6 kDa. The hypothetical protein TTC0375, with the same amino acid sequence, also exists in T. thermophilus HB27 (gi:46198683) (Henne et al. 2004) . TTHA0727 homologs are conserved among several prokaryotes (Fig. 1A) . The TTHA0727 protein shares 35%, 29%, and 23% identities to the alkylhydroperoxidase AhpD core from Moorella thermoacetica ATCC 39073 (gi:68239079), the hypothetical protein AF0348 from Archaeoglobus fulgidus DSM 4304 (gi:11497960) (Klenk et al. 1997) , and the AhpD core from Mesorhizobium sp. BNC1 (gi:68193778), respectively. TTHA0727 belongs to the carboxymuconolactone decarboxylase (CMD) family in the Pfam database (Pfam02627, E-value ¼ 7e-6, hit region 29-116). In the CMD family, g-carboxymuconolactone decarboxylase (g-CMD) and alkylhydroperoxidase AhpD are the representative proteins. g-CMD catalyzes the decarboxylation of g-carboxymuconolactone to b-ketoadipate enol-lactone, in the catabolism of aromatic compounds through the protocatechuate branch of the b-ketoadipate pathway (EC 4.1.1.44) (Stanier and Ornston 1973) . In T. thermophilus HB8, there is another CMD family protein, TTHA1508, which shares 11% identity with TTHA0727. TTHA1508 is probably g-CMD, because of its high homology with the g-CMDs of other species (identity ¼ 30% ; 50%), although the active site residues of g-CMD have not been determined. It is unlikely that TTHA0727 is g-CMD itself, due to its relatively low homology (identity ¼ 10% ; 20%). On the other hand, AhpD has peroxidase activity and is involved in an antioxidant defense mechanism (Bryk et al. 2002) . AhpD has a thioredoxin-like active site, a Cys-X-X-Cys motif (Cys 130 and Cys 133), which is critical for the peroxidase activity. However, the catalytic Cys 130 residue of AhpD is replaced with Ser 70 at the corresponding site in TTHA0727, indicating that TTHA0727 lacks peroxidase activity. In the CMD family proteins, TTHA0727 is a distinct protein from AhpD and g-CMD, and its function is unknown. To analyze the structural properties of TTHA0727, we determined the crystal structure of TTHA0727 by the multiwavelength anomalous dispersion (MAD) method (Hendrickson 1991 ) at 1.9 Å resolution.
Results and Discussion
The TTHA0727 crystal belongs to the trigonal space group P3 1 21, with unit cell constants of a ¼ b ¼ 107.102 Å , c ¼ 55.455 Å . The structure was refined to 1.9 Å by the MAD method. The crystallographic data are summarized in Table 1 . The final model includes 364 amino acid residues of three TTHA0727 monomers and 262 water molecules per asymmetric unit. Since there were additional electron densities in chains A and B, the extra nine residues of the N-terminal tag were also modeled. In chain C, five residues at the N terminus of TTHA0727 could not be identified in the electron density, due to disorder.
The TTHA0727 monomer structure consists of seven a-helices (a1-a7) and one short 3 10 -helix (h1) (Fig.  1A,B) . The extra residues of the N-terminal tag in chains A and B bound to the cleft between a1 and a3. There are three protein chains per asymmetric unit, and the structures of the three chains are essentially identical, with a root-mean-square deviation (RMSD) of only 0.25 Å for the C a atoms. Chains B (red) and C (blue) form a tight homodimer through interactions between the a-helices (a2-a7) intertwined with each other (Fig. 1C ). The two chains (A and A9) also dimerize by the crystallographic twofold symmetry axis, similar to the dimerization of chains B and C. Moreover, the six chains of the two asymmetric units were multimerized by the crystallographic twofold symmetry axis, suggesting that TTHA0727 forms a homohexameric ring structure composed of three dimers, through interactions between each region of a5-a7 (Fig. 1D ). There is a small tunnel in the center of the hexameric ring. According to the analytical ultracentrifugation (Supplemental Material), the molecular mass of TTHA0727 was ;86.8 kDa, indicating that TTHA0727 exists as a hexamer in solution, since the molecular mass of the TTHA0727 monomer with the N-terminal tag is 14.7 kDa. (Gouet et al. 1999 ) with CLUSTALW (Thompson et al. 1994) . The secondary structures of the TTHA0727 protein, as determined by DSSP (Kabsch and Sander 1983) , are shown above the sequences (a, a-helix; h, 3 10 -helix; TT, b-turn). (B) Ribbon representation of the TTHA0727 monomer (chain A) (stereoview). Color gradient (blue, green, yellow, red) from the N terminus to the C terminus. The extra residues of the N-terminal tag are colored gray. (C) Ribbon representation of a TTHA0727 dimer. Chains B and C are colored red and blue, respectively. The N-terminal tag residues (chain B) are colored gray. (D) Schematic representation of the hexameric ring structure of TTHA0727. Chains A, B, and C are colored green, red, and blue, respectively. Chains A', B', and C', which are related to chains A, B, and C by the crystallographic twofold symmetry axis, are colored yellow, magenta, and cyan, respectively. The arrow represents the crystallographic twofold symmetry axis. (E) Electrostatic surface representation of the TTHA0727 hexamer. Red and blue surfaces represent negative and positive potentials (-10 kBT ÿ1 to 10 kBT ÿ1 ), respectively. The electrostatic surface potentials were calculated using the Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al. 2001 ) with the PyMOL APBS tools. The electrostatic potential distribution on the solventaccessible surface of the TTHA0727 hexamer is shown in Figure 1E . There is a relatively large positively charged region on the side of the ring structure, suggesting the possibility of an interaction with some negatively charged molecules.
A DALI (Holm and Sander 1993) structural homology search showed that TTHA0727 resembles g-CMD from Methanobacterium thermoautotrophicum (PDB ID: 2AF7, Z-score ¼ 8.0, RMSD ¼ 2.9 Å over 91 C a atoms, sequence identity ¼ 18%), the conserved hypothetical protein TM1620 from Thermotoga maritima (PDB ID: 1P8C, Z-score ¼ 6.6, RMSD ¼ 0.8 Å over 51 C a atoms, sequence identity ¼ 17%), and AhpD from Mycobacterium tuberculosis (Bryk et al. 2002; Nunn et al. 2002) (PDB ID: 1KNC, Z-score ¼ 6.1, RMSD ¼ 2.8 Å over 87 C a atoms, sequence identity ¼ 14%) ( Fig. 2A) , although the sequence identities are relatively low. The superimposition of the main-chain structures of the TTHA0727 monomer and its homologs revealed that the structures of the three a-helices (a4-a6 in TTHA0727) are remarkably conserved, although the other parts do not overlap well, suggesting that the three a-helices compose the common structural motif (CMD core) for the CMD family proteins (Fig. 2A) . The three a-helices are involved in the formation of the structural core region and their stable multimerization. The g-CMD from M. thermoautotrophicum and TM1620 from T. maritima form homohexamers in the crystal, similar to those of TTHA0727, and the CMD core regions also overlap well in the hexamers. On the other hand, AhpD from M. tuberculosis forms a homotrimer. The structural comparison of the TTHA0727 dimer and the AhpD monomer suggested the structural duplication of the CMD core motif in AhpD (Fig. 2B) , and consequently the trimer of AhpD corresponds to the hexamer of TTHA0727.
In addition, the region (Ser 70, Cys 73) of TTHA0727 corresponding to the active site region (Cys 130, Cys 133) of AhpD is located at the bottom of the cleft in TTHA0727. In chains A and B of TTHA0727, the binding of the N-terminal extra residues to the cleft region suggests that this region is the putative binding/active The lower right panel represents the common structural core motif for the CMD family proteins (CMD core), which is the superimposition of three a-helices (a4-a6) of TTHA0727 and its structural homologs. TTHA0727, g-CMD (PDB ID: 2AF7), TM1620 (1P8C), and AhpD (1KNC) are colored green, magenta, gray, and orange, respectively. All superimpositions were carried out with lsqkab (Kabsch 1976) . ( site for some small molecules, assuming that the extra residues form a ligand-like molecule (Fig. 2C) . These results imply that the CMD family proteins have evolved into various functional proteins, while they retained the hexameric or trimeric ring structure with the common structural framework (CMD core). The present structural study of TTHA0727, a distinct member from g-CMD and AhpD, will contribute to the further analyses of TTHA0727 and the CMD family proteins.
Materials and methods

Protein expression and purification
The gene encoding TTHA0727 (TT1628) from T. thermophilus HB8 was cloned into the plasmid vector pHCEH as a fusion with an N-terminal His-tag. The selenomethionine (SeMet)-substituted TTHA0727 protein was expressed in Escherichia coli B834 (DE3). The E. coli lysate was heated for 30 min at 70°C, and the proteins were purified by a series of HisTrap HP, HiTrap SP HP, RESOURCE S, and HiLoad 16/60 Superdex 75 pg column chromatography steps (GE Healthcare). The yield of the purified TTHA0727 protein was 2.3 mg/1 g wet cells.
Crystallization and data collection
Crystals of TTHA0727 (SeMet) were grown at 20°C by using the sitting drop vapor-diffusion method. Small, irregular crystals were produced in 21%-22% PEG 3350 and 0.1 M potassium formate (Hampton Research). These crystals were then used for microseeding of sitting drops equilibrated against a reservoir solution containing 21% PEG 3350 and 0.1 M potassium formate. Crystals with a rod-like morphology (;200 3 150 3 50 mm 3 ) were obtained within 2 wk, and were used for data collection.
The data collection was carried out at 100 K with a mixture of equal parts of Paratone-N and paraffin oil (Hampton Research) as a cryoprotectant. The MAD data were collected at three different wavelengths at BL26B1 (Yamamoto et al. 2002) , SPring-8 (Hyogo, Japan), and were recorded on a Jupiter 210 CCD detector (Rigaku). All diffraction data were processed with the HKL2000 program (Otwinowski and Minor 1997) .
Structure determination and refinement
The program SOLVE (Terwilliger and Berendzen 1999) was used to locate the selenium sites and to calculate the phases, and RESOLVE (Terwilliger 2002 ) was used for the density modification and partial model building. The rest of the model was built with the program O (Jones et al. 1991) and was refined with the program Crystallography & NMR system (CNS) (Brünger et al. 1998) . Refinement statistics are presented in Table 1 . The quality of the model was inspected by the program PROCHECK (Laskowski et al. 1993) . The graphic figures were created using the program PyMOL (DeLano Scientific). The atomic coordinates and the structure factors have been deposited in the Protein Data Bank, with the accession code 2CWQ.
Electronic supplemental material
The result of the analytical ultracentrifugation is shown in the electronic supplemental material.
